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Sciences and ChinesAbstract A key challenge in the preparation of nanoplatelet-ﬁlled polymer composites is the
ability to realize the nanometer-level dispersion and the planar orientation of nanosheets in
polymer matrices. In this report, multilayer ﬁlms were successfully fabricated by layer-by-layer
assembly of regenerated cellulose and graphene oxide, in which graphene oxide nanosheets were
used as the building blocks. The thickness of 50 layer ﬁlm is about 20 mm and it exhibits a high
degree of smoothness. This may be attributed to the well-deﬁned layered structure with high degree
of planar orientation and nanolevel assemblies of graphene oxide nanosheets in the polymer
matrices. Typical ﬁeld emission scanning electron microscope images demonstrate an ordered
arrangement of layers. The electrical conductivity of the multilayer ﬁlms shows a remarkable
increase with increasing layer of the ﬁlms. A signiﬁcant enhancement of mechanical properties has
been achieved, that is, a 110.8% improvement of elastic modulus and a 262.5% increase of
hardness respectively.
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Graphene-based materials have attracted tremendous atten-
tion due to the excellent properties of graphene sheets [1–7].
According to theoretical and experimental results, individual
graphene nanosheets exhibit extremely high values of Young’s
modulus (1 TPa), fracture strength (130 GPa) [2], elastic
modulus (0.25 TPa) [3], thermal conductivity (5000 W/
(m K)) [4], electrical conductivity(6000 S/cm) [5], speciﬁc
surface area (theoretical limit: 2630 m2/g) [6], charge carrier
mobility (2 105 cm2/V s) [7], etc. These properties make
graphene a promising material in many applications such assting by Elsevier Ltd. All rights reserved.
L. Tang et al.342photovoltaic devices, sensors [8], electrodes [9], shielding
materials [10], supercapacitors [11,12], and composites [13,14].
Cellulose, the most abundant natural polymer in nature, is
renewable, biodegradable, and biocompatible. Therefore,
increasing attention has been paid to cellulose as an inexhaus-
tible source of raw materials to replace petrochemically derived
compounds in many applications [15]. However, cellulose is
difﬁcult to process in solution due to the strong intra- and
inter-molecular hydrogen bonds. Recently, ionic liquids (IL),
which are considered to be desirable green solvents, have been
reported to be effective cellulose solvents. For example,
1-butyl-3-methylimidazolium chloride ([Bmim]Cl), is found to
be a powerful, nonderivatizing single-component solvent which
rapidly dissolves cellulose[16].
Layer-by-layer (LbL) has been widely applied to fabricate
organic–inorganic nanocomposites because it is a simple, power-
ful, and environmental approach for assembling functional build-
ing blocks into thin ﬁlms with controlled type, size, morphology,
internal organization, and molecular structure. LbL assembly has
been successfully driven by several different kinds of forces, such
as electrostatic forces [17,18], hydrogen bonding [19–22], covalent
bonding [23,24] and other weak intermolecular interactions
[25,26]. Recently increasing interest has been focused on the
construction of nanoscale LbL assembled materials driven by
hydrogen bond formation, opening a new opportunity for the
LbL technique. Although various intermolecular interactions have
been used to incorporate variety of functional building blocks, it is
still challenging to assemble cellulose through the LbL approach
[17] due to its dissolving difﬁculty. In this report, we fabricated
thin regenerated cellulose (RC)/graphene oxide (GO) composite
ﬁlms by LbL self-assembly, in which exfoliated GO nanosheets
were used as building blocks. The existence of oxygen functional
groups located on edges and basal plane of GO and the hydroxyl
groups in RC chains makes it possible to fabricate layer-by-layer
thin ﬁlms by hydrogen-bonding interaction. Unlike some reports
[27,28] in which the thin ﬁlm was prepared by the complex
vaccum-assistant self-assembly method, in this paper randomly
orientated graphene/RC nanocomposite was prepared by simply
solution blending, alternative deposition of RC and GO nano-
layers, resulting in a uniform growth of ﬁlms containing high
planar orientation and good dispersion of GO. To the best of our
knowledge, there are few reports about the multilayer thin ﬁlms of
graphene-like materials and polymer through the LbL technique.2. Experimental
2.1. Materials
Graphite was supplied by Shanghai Yifan Graphite Co., Ltd.
(Shanghai, China), with an average particle size of 150 mm and a
purity of49%. Cellulose (cotton linter pulp) was obtained from
Fujian Nanzhi Co., Ltd. (Fujian, China), and its viscosity-average
degree of polymerization (DP) was 500. Cellulose samples were
dried at 75 1C for 4 h in a vacuum oven before use. The other
chemicals were analytical grade and used as obtained from
Sinopharm Chemical Reagent Co., Ltd.
2.2. Preparation of graphene oxide (GO)
GO was prepared by a modiﬁed Hummers’ method through
acid oxidation of a natural graphite powder [29]. In a typicalprocedure, natural graphite (2 g) was slowly added into H2SO4
(46 mL) under vigorous stirring in an ice-water bath until a
black slurry formed. NaNO3 (1 g) and KMnO4 (6 g) was
gradually added with stirring while the temperature was kept
below 20 1C. Subsequently, the solution was transferred to a
water bath at 3572 1C and stirred for 30 min to form a thick
green paste. Then, 80 mL of distilled water was slowly added
(Note: caution must be exercised since this is a highly
exothermic process), and the temperature was controlled
below 100 1C. After 15 min, the mixture was further diluted
with 300 mL distilled water and treated with 30% H2O2
solution (5 mL) until the cessation of gas evolution; the dark
brown solution turned yellow. Finally, the mixture was ﬁltered
and washed several times with 5% HCl aqueous solution and
distilled water respectively until the pH of the solution became
neutral. The sample of GO was obtained as a gray powder
after drying.
2.3. Fabrication of ﬁlms
Brieﬂy, [Bmim]Cl was synthesized as described in the literature
[30]. A cellulose sample was dispersed in [Bmim]Cl and heated
under mechanical stirring at 85 1C until a 1 wt% transparent
solution was obtained for LbL assembly. Yellow–brown
dispersion of GO was prepared by dissolving 20 mg of graphite
oxide in 200 mL of deionized water by sonication for 30 min.
Prior to deposition of the RC–GO ﬁlms, the glass slides were
sonicated in CCl4 for 15 min and then rinsed with 2-propanol
and deionized water. Their surface was then hydroxylated by
30 min sonication in piranha solution (mixture of 98% H2SO4
and 30% H2O2, 7:3 v/v) (caution: piranha solution reacts
violently with organic compounds) and was rinsed sequentially
with deionized water, methanol, 1:1 methanol/toluene and
dried in an oven. The overall process of LbL deposition of
thin ﬁlm of (RC/GO)n as the following steps: (1) immersing the
treated glass slide into 1 wt% RC for 5 min; (2) rinsing with
deionized water thoroughly for 3 min and dried with air ﬂow;
(3) dipping into 0.1 mg/mL GO dispersion for 5 min; (4)
rinsing with deionized water for 3 min and again dried with
air ﬂow. This procedure gave a single deposition cycle, and the
cycle could then be repeated as necessary to obtain the desired
number of layers (RC/GO)n. In order to strengthen the
junction between GO and RC matrices, ﬁlm with every 10
layers were immersed into 5 vol% glutaraldehyde solution for
30 min to allow for cross-linking. A parallel pure RC ﬁlm was
prepared by the method as mentioned above.
2.4. Characterization
The fracture surface morphology of the composite was
observed on a JSM-5600LV (JEOL, Japan) ﬁeld emission
scanning electron microscope (FESEM) at an accelerating
voltage of 3.0 kV. The sample was fractured in liquid nitrogen
and sputtered with gold for observation.
Raman spectra were recorded using a LabRam-1 B Raman
spectroscope (HORIBA Jobin Yvon, France), with He–Ne
laser excitation at 632.8 nm, scanning for 50 s.
Typical tapping-mode atomic force microscopy (AFM)
measurements were taken using a Multimode SPM from Digital
Instruments (Veeco, USA). Samples of AFM images were
prepared by depositing a dispersed graphene oxide solution
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drying.
The surface topography image was observed on Wyko
NT9100 optical proﬁler (Veeco, USA).
The conductivity of the composite ﬁlms was measured using
a Keithley 2635 system sourcemeter (Keithley, USA).
The measurement of the mechanical properties was per-
formed using the TriboIndenter in-situ nanomechanical test
system from Hysitron, Inc. (Hysitron, USA).Fig. 2 Laser Raman spectra of (a) graphite, and (b) graphene oxide.3. Results and discussion
3.1. Exfoliation of graphene oxide
Graphene oxide was prepared from natural graphite powder
by oxidation with KMnO4 in concentrated H2SO4 according
to modiﬁed Hummers’ method. GO can be well dispersed in
water at the level individual sheets in our work with many
oxygen-containing functional groups. The AFM image of GO
nanosheets in Fig. 1 shows GO nanosheets has the thickness of
1.2 nm. This fact reveals the characteristics of fully exfo-
liated GO nanosheets.
Raman spectroscopy is strongly sensitive to the electronic
structure and has been proved to be an essential tool to
characterize graphite and graphene materials. The spectrum of
the natural graphite shows the peak at 1578 cm1(G band)
and a very weak band at 1345 cm1 (D band), as shown in
Fig. 2(a). The G band corresponds to an E2g mode of graphite,
which is related to the vibration of sp2 bonded carbon atoms,
while the D band is a breathing mode of k-point phonons
of A1g symmetry, which is associated with the vibrations of
carbon atoms with dangling bonds in plane terminations of
disordered graphite [31,32]. As shown in Fig. 2(b), the G band
of GO broadens and shifts to 1588 cm1. Besides, the D band
at 1364 cm1 becomes prominent. The intensity ratio (ID/IG)
expresses the sp2/sp3 carbon ratio, a measure of the extent of
disorder [33], which increase from 0.13 for natural graphite toFig. 1 A typical AFM tapping-mode image of graphene oxide
nanosheets deposited onto a mica substrate from an aqueous
dispersion with superimposed cross-section measurements taken
along the black line, indicating a sheet thickness of 1.2 nm.0.88 for GO, indicating the reduction in size of the in-plane sp2
domains. This may due to the extensive oxidation of graphite.
3.2. Morphology and structure of multilayer (RC/GO)n ﬁlms
A traditional layer-by-layer ﬁlm was prepared by immersing a
glass substrate in dilute solutions of the components. RC
possesses primary and secondary hydroxyl groups in its
glucosamine unit, and is used in the traditional electrostatic
LbL technique. Nevertheless, hydroxyl group of the quartz
substrate and the oxidation functional groups of GO have
been proved to form hydrogen bonds with the hydroxyl group
of cellulose respectively, just as indicated schematically in
Fig. 3. It is supposed that the hydrogen-bonding interactions
between GO nanosheets and RC can drive the reproducible
layer-by-layer composite deposition to fabricate ordered inor-
ganic/organic periodic nanostructure. However, we have not
proved the existence of hydrogen bonds using instruments, the
following works will be done regarding this.
FESEM images of the (RC/GO)50 ﬁlm in Fig. 4 reveal
ordered layer structure and the thickness of 50-layer ﬁlm is
about 20 mm.
Optical images of (RC/GO)n thin ﬁlms deposited on cleaned
glass substrates are shown in Fig. 5(a), the composite ﬁlms have
a high level of ﬂatness and homogeneity, and the transparency
decreases with increasing deposited cycle. The highly accurate
3D surface topography for the (RC/GO)50 are shown in Fig. 5
(b) and (c), the composite ﬁlms exhibits the roughness (Ra)
of 0.21 mm and the thickness of 20 mm, indicating a high
degree of smoothness and an average thickness of 400 nm for
per layer.
3.3. Conductivity measurement
The conductivity of the (RC/GO)n thin ﬁlms is shown in
Fig. 6. After the oxidation of graphite, the sp2 structure of
graphite oxide was partly restored, and the conductivity of the
multilayers ﬁlm is enhanced with increasing number of the
layers. When the layers of multilayers ﬁlm increased from 10
to 50, the conductivity of the ﬁlm increased by 3 times of
magnitude to 1.3 104 S/m. Addition uniformly GO can
cause the conductivity of the RC, probably due to the
formation of conductive networks throughout the insulating
RC. The enhancement of the conductivity is mainly due to its
Fig. 3 Simply schematic representation of the interaction of GO surface and RC macromolecular chains, the red rows demonstrate
hydrogen bonds.
Fig. 4 FESEM images of cross section of (RC/GO)50 composites with different magniﬁcation. 50 demonstrates layer.
Fig. 5 (a) Optical images of (RC/GO)n composites deposited on cleaned glass substrates with gradually increasing deposited cycles,
n¼10, 20, 30, 40, and 50, and the surface topography of (RC/GO) 50 ultrathin ﬁlm with the thickness (b) and the roughness (c).
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erty of the multilayers ﬁlm makes it a promising candidate for
biosensor and tissue engineering applications.3.4. Mechanical properties of multilayer (RC/GO)n ﬁlms
Typical loading-hold-unloading curses of pure RC ﬁlms and
LbL assembling (RC/GO)n composite ﬁlm are shown in Fig. 7.
When loading, the force is incremented at constant velocities
and the maximum value is 150 mm. The penetration depthrepresents the contributions from the elastic to plastic dis-
placements. It is noted that the penetration depth of (RC/
GO)100 ﬁlm is decreased markedly, indicating an enhancement
of composite’s resistance to indentation. That is, the softer
material surface requires lower normal load to induce a
comparable indenter penetration. When holding time with
5 s, and the peak loads are kept constant, a creep is clearly
observed in the maximum hold segments for pure RC ﬁlm.
During unloading, the force is removed and the elastic
displacement is also recovered. It is shown that the ending
displacement of pure RC ﬁlm is much larger than that of
Fig. 6 Conductivity of the (RC/GO)n composites ﬁlms with
different layer number.
Fig. 7 Typical loading-hold-unloading curves of pure RC ﬁlm
and LbL assembling (RC/GO)100 ﬁlm.
Table 1 Average values of elastic modulus and hardness
for regenerated cellulose and nanocomposites.
Samples Er (GPa) H (GPa)
pure RC ﬁlms 5.5570.03 0.2470.02
(RC/GO)100 11.7070.02 0.8770.03
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of the (RC/GO)100 ﬁlm, as represented by the slope of the
unloading curve, is larger than that of pure RC ﬁlm, suggest-
ing the increase of elastic modulus. The average values of
elastic modulus (Er) and hardness (H), calculated using the
Oliver–Pharr method [34], are listed in Table 1. A signiﬁcant
enhancement of mechanical properties of LbL assembling RC/
GO composites; that is, a 110.8% increase of Er and a 262.5%
improvement of H. A similar tendency for Er and H related to
graphene-based composites were also reported by Das et al.,
[35] an increase of 35% and 45% in the Er and H of PVA withthe addition of 0.6 wt% graphene respectively. The reasons for
our remarkable increase in the mechanical properties are
attributed to the nanometer-level dispersion and the strong
interfacial bonding between the GO and RC matrix. The
degree of structural organization by the LbL process of the
nanoplatelets in the composite increases RC/GO interaction
and constrains the polymer chain motion, which results in
efﬁcient load transfer between the matrix and the reinforce-
ment phase in the composite.4. Conclusions
In summary, the uniform thin multilayer (RC/GO)n ﬁlms with
high homogeneity and orientation were successfully fabricated
by the layer-by-layer assembly technique driven by hydrogen-
bonding interaction. The thickness of per layer is about
400 nm. The well-dispersed graphene oxide nanosheets have
a high degree of planar orientation in the lamella structure
ﬁlms, and strong interaction between RC and GO, resulting in
a signiﬁcant enhancement of the mechanical properties for the
LbL composites: as compared with pure RC sample the
mechanical properties of multilayer (RC/GO)n ﬁlms have been
signiﬁcantly enhanced, that is, a 110.8% improvement of
elastic modulus (Er) and a 262.5% increase of hardness (H)
respectively. The electrically conductive RC/GO multilayers
ﬁlm with desirable degree of nanoscale orientation is one of
promising candidates for advanced biochemical and electro-
chemical devices.Acknowledgments
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